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RAM-JET ENGINE CHARACTERISTICS 
By Richard S. Cesaro and C u r t i s  L. Walker 
SUMMARY 
A compilation of sea-level s t a t i c  and flight-performance data f o r  
ex is t ing  and designed U. S. axial-flow turbojet  and ram-jet engines i s  
presented. Factors r e l a t i n g  t o  engine s i z e ,  performance, and w e i g h t  are 
examined f o r  trends and actual  and theore t ica l  performances are compared. 
INTRODUCTION 
A s  a r e s u l t  of intense research and development, gas turbine engine 
performance has advanced a t  a tremendous rate. 
ress ,  a la rge  number of engine designs have emerged t o  meet the many 
applications.  The la rge  number of engines w i t h  various levels  of per- 
formance made desirable the  col lect ion and analysis of charac te r i s t ic  
data on the various engines. 
imately 5 years ago i n  reference 1. 
increases i n  number of proposed engines, the present report ,  prepared at  
the request of the A i r  Force and the Navy Bureau of Aeronautics, essen- 
t i a l l y  brings up t o  date the data presented i n  reference 1, and i n  addi- 
t ion,  includes flight performance data on both ram-jet and turbojet  
engines. 
Accompanying t h i s  prog- 
Such a survey was  made and reported approx- 
Because of continued advances and 
The primary purpose of t h i s  report  i s  t o  present an over-al l  picture  
of the current U. S. engine capabi l i ty  and the fu ture  growth poten t ia l  as 
re f lec ted  i n  adivanced engine designs. The data as presented also provide 
information that could assist i n  a i r c r a f t  design ana lys i s ,  indicate  cer- 
t a i n  operational requirements f o r  research test  f a c i l i t i e s ,  and point out 
areas i n  the  engine-development program possibly requiring further 
emphasis. 
The f igures  presented are arranged t o  meet the following three main 
objectives: 
(1) To indicate  the engiaes available i n  any time period; 
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( 2 )  To present bas ic  engine var iables  that r e f l e c t  technical  advances, 
(3) To present changes brought about i n  engine w e i g h t  reductions 
if  any; 
caused by improvements i n  mechanical design or material select ions.  
For ex i s t ing  engines, the  most recent operational data available are  
For design engines, t h e  data  me based on the performance spec i f i -  
Since these specif icat ions are changed dur- 
used. 
cations of the  manufacturer. 
ing the  production and design of t he  engines, discrepancies may ex i s t  
between the data presented herein and other tabulat ions of t h i s  informa- 
t ion .  These differences w i l l  not be suf f ic ien t  t o  a f f ec t  t h e  general 
trends presented. The engines presented i n  t h i s  report  have completed 
or a re  estimated t o  complete t h e i r  150 hour t e s t  i n  t h e  period from 1950 
t o  1960. 
and assis tance of t h e  Department of Defense, t h e  United S ta tes  A i r  Force, 
t he  N a v y  Bureau of Aeronautics, and t h e  a i r c r a f t  engine industry.  
Data presented herein have been compiled with the  cooperation 
DISCUSSION 
Presentation of Data 
Within the  t i m e  period covered i n  this  report ,  engine performance 
and s i z e  select ions vary both as a re su l t  of technical  advances and i n  
order t o  meet a i r c r a f t  and missi le  operational requirements. 
i l l u s t r a t e  these var ia t ions,  f igures  are presented of engine variables,  
such as th rus t  and airf low f o r  sea-level s t a t i c  conditions p lo t ted  against  
the  completion time f o r  t h e  engine's 150 hour t e s t .  In  each case the  time 
used i n  p lo t t i ng  i s  the  date  the  engine actual ly  passed the 150 hour test  
or the  estimated date the engine will pass the  150 hour test .  
In  order t o  
Fundamental thermodynanic arrangements can be made of engine var iables  
t o  reveal  technical  advances t h a t  are designed i n t o  turboje t  or  ram-jet 
engines. For example, comparisons of a,ctual engine performance with 
theore t ica l  cycle calculat ions involvjng pressure r a t i o  and turbine in le t  
temperature cap indicate  technical  advances made i n  component e f f ic ienc ies  
and cycle operating l eve l s .  Several f igures  a re  presented herein as- 
ranged t c  iildicate these kinds of technical  advances and are discussed from 
t h i s  point of view. 
IP 
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A similar comparison with theoretical-  calculat ions cannot be made 
The weight 
fo r  engine weight. 
designers and the  developnient of materials f o r  t he  engine. 
data tha t  are presented a re  intended. t o  indicate  general l eve ls  of engine 
and component veights expected t o  be achieved i n  various engine designs. 
Engine weight w i l l  r e f l e c t  the ingenuity of mechanical 
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The engines presented herein are grouped i n  three general c lasses .  
They are as follows: 
c i r c l e ) ;  (2)  development engines (data points are  indicated by a square); 
(3) production engines (data points are  indicated by a diamond). Engines 
w i t h  afterburners are indicated i n  the  f igures  by ta i led tes t -point  sym- 
bols. 
symbols used i n  the t e x t  are defined where used. 
(1) Design engines (data polnts are  indicated by a 
Other symbols used on the f igures  are defined i n  the appendix; 
Information on some of the design engines i s  incomplete as far as 
de ta i led  performance da ta  are concerned. Theoretical performance curves 
determined from engine-cycle ana lys i s  are shown i n  s o m e  of the pr incipal  
plots .  Assumptions f o r  theore t ica l  curves are  given i n  the  appendix. 
The performance da ta  f o r  an engine i n  the design stage do not change 
appreciably as the  engine goes through the development and production 
stages. 
i n  order t h a t  i t s  f i n a l  performance may be i n  general agreement w i t h  the 
or ig ina l  design estimate. 
clude the  e f f ec t  of several  important design d e t a i l s  and operating l i m i t s  
associated w i t h  individual engine designs. For example, engines designed 
f o r  supersonic f l i g h t  at sea l eve l  require strengthening of engine s t ruc-  
tu re  over t h a t  required f o r  subsonic f l ight.  On a w e i g h t  basis,  super- 
sonic engines may show up at a disadvantage when compared with a subsonic 
engine. 
conditions and, as such, may not t r u l y  r e f l e c t  the over-al l  u t i l i t y  or  
value of spec i f ic  engines. However, cer ta in  da ta  are presented under 
flight conditions so that some evaluation can be made of cer ta in  engine- 
design approaches. Although a comparison of design approaches i s  valid,  
t he  reader i s  cautioned against  making spec i f ic  engine comparisons indi-  
cat ing one engine t o  be superior t o  another. 
During t h i s  t i m e  basic  components of the engine can and do change 
Performance da ta  contained herein do not in-  
Further, most of the r e s u l t s  presented are f o r  sea-level s t a t i c  
Sea-Level S t a t i c  Performance 
Thrust .  - Turbojet engine nonafterburning static sea-level th rus t  i s  
p lo t ted  against  completion of the 150 hour engine tes t  i n  f igure  l ( a ) .  
The broken curve is  from reference 1 and represents the  same re l a t ion  
of t h rus t  with t i m e  as predicted from data available i n  1951. The so l id  
l ines ,  based on current data, represent the upper boundary of the  engine 
s i ze  select ions avai lable  i n  any t i m e  period. An approximate l i nea r  
r e l a t ion  is  indicated i n  t h i s  upper boundary l i n e  with sea-level s t a t i c  
th rus ts  being increased from 10,000 pounds i n  1950 t o  over 35,000 
pounds i n  1960. The s h i f t  i n  posit ion from the broken l i n e  t o  the  so l id  
l i n e  indicates an increase of 12 t o  2 years  from the or ig ina l  estimates 
of t i m e  needed from design t o  completion of the  150 hour tes ts  (ref. 1). 
It now takes between 47  t o  52 yea r s  t o  br ing an engine from design t o  
1 
1 1 
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completion of i t s  150 hour t e s t .  Another important deviation from data 
presented i n  reference 1 is tha t  at any time period a considerable range 
of engine t h r u s t  s i ze s  i s  now available. 
range includes engines from 2,000 t o  20,000 pounds thrus t .  In  contrast ,  
the data i n  reference 1 indicated no spread i n  th rus t  f o r  engines avai l -  
able at a given time. 
the development stage and a larger  number of engines a re  shown i n  the  
design stage, the mortality r a t e  among the design and development -~ engines 
i s  high and only a few of these reach production. 
In  1957, f o r  example, the t h r u s t  
Although a large number of engines are  shown i n  
c Afterburning s t a t i c  sea-level t h rus t  i s  p lo t ted  against completion of the 150 hour test i n  04 
f igure l ( b ) .  In  the 1959-1960 period engines are  planned with afterburn- 8 
ing sea-level s t a t i c  th rus t  ranging from 3,500 t o  45,000 pounds. 
Specific t h r u s t .  - The variat ion of sea-level s t a t i c  t h rus t  per 
pound of air at "mi l i t a ry"  ra ted  conditions with turbine i n l e t  tempera- 
tu re  f o r  engines of various compressor pressure r a t i o s  i s  shown i n  f igure 
2. Curves of the var ia t ion  of t h r u s t  per pound of a i r  with tu rb ine  inlet 
temperature are  shown f o r  three compressor pressure ra t ios ,  assuming a 
high l eve l  of component efficiency. 
not ident i f ied  f o r  each engine, the curves serve t o  bracket the engines 
shown. Several engines have turbine i n l e t  temperatures of 2,G0O0 F and 
show the theore t ica l ly  expected increase i n  thrus t  per pound of air with 
increased turbine i n l e t  temperature. Figure 3 presents t h e  r a t i o  of the  
specif ic  t h rus t  of each engine t o  its theore t ica l  t h rus t .  The data s h o w  
the d is t r ibu t ion  of component eff ic iencies  r e l a t i v e  t o  a theore t ica l  
l eve l  f o r  the various engines. 
Although engine pressure r a t i o s  a re  
The var ia t ion  i n  maximum thrus t  per pound of airflow at sea-level 
s t a t i c  conditions (afterburner operating) with turbine i n l e t  temperature 
i s  presented i n  f igure 4. 
i n l e t  temperature on t h r u s t  per  pound of airflow f o r  a given set of con- 
di t ions,  theore t ica l  performance f o r  an afterburner temperature of 3040' F 
and a compressor pressure r a t i o  of 8 has been p lo t ted  i n  th i s  figure.  In 
general, the  data show increasing th rus t  per pound of a i r  with increasing 
turbine i n l e t  temperature. A t  any given temperature the maximum spread 
i n  the data of about +lo percent i s  a t t r ibu ted  t o  both t h e  range i n  com- 
pressor pressure r a t i o  and the range i n  afterburning temperatures f o r  the 
engines shown. 
I n  order t o  i l l u s t r a t e  the  e f f ec t  of turbine 
Augmentation r a t i o  is  often used as a basis f o r  comparing engine 
performance. 
r a t i o  i n  f igure  5 shows that t h r u s t  aagmentation r a t i o  i n  i t s e l f  is  not 
useful i n  comparing d i f fe ren t  engines. For example, engines A and E 
shown i n  f igure 5 have the  same thrus t  augmentation; however, the specific 
t h r u s t  f o r  engine B is  20 percent higher than  f o r  engine A. 
which has a thrus t  augmentation of approximately 35 percent as compared 
t o  engine D w i t h  a value of over 60 percent, has a specif ic  t h r u s t  of 
approximately 13 percent greater  than engine D. 
The plot  of t h r u s t  per pound of a i r f low against augmentation 
Engine C, 
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Airflow. - Figure 6 presents t he  sea-level s t a t i c  airflow f o r  each 
engine p lo t ted  against  completion date of the  150 hour qual i f icat ion tes t .  
The thrust  increases indicated i n  f igure 1 are pr incipal ly  the r e s u l t  of 
increases i n  a i r f low with t i m e  as shown i n  figure 6. The so l id  l i n e  
indicates the maximum airf low of the  engines avai lable  at  any given time. 
The broken l i n e  is  taken from reference 1. The difference between the  
broken and so l id  l i n e  resu l t s  from the  addi t ional  time needed t o  complete 
the  150 hour qua l i f ica t ion  test  over t h a t  previously estimated i n  refer- 
ence 1. 
Increases i n  s t a t i c  sea-level engine airflow shown i n  f igure 6 are 
due t o  increases i n  a i r f low per un i t  of compressor f r o n t a l  area or  in- 
creases i n  compressor f r o n t a l  area. The theo re t i ca l  r e l a t ion  between 
air-handling capacity of the compressor, e f fec t ive  compressor i n l e t  Mach 
number and compressor hub-tip radius  r a t i o  is  shown i n  f igure 7.  The 
compressor f r o n t a l  area i s  based on the area swept by the  compressor 
blade t i p s .  The compressor hub-tip r a t i o s  f o r  most of the engines con- 
sidered range from 0.4 t o  0.55 and the  e f fec t ive  i n l e t  Mach numbers from 
0.4 t o  0.65, r e su l t i ng  i n  the flow capacity per un i t  of compressor t i p  
f r o n t a l  area. varying from 22 t o  36 pounds per second per square foot .  
The higher airflow handling capaci t ies  are f o r  the design engines. Nost 
of the design engines shown in f igure 7 have a t r a n s o n i c  compressor. 
The development of the traasonic compressor made possible values of 
mass flow w e l l  beyond 30 pounds per second per square foot  of compressor 
f r o n t a l  area.  In  making a t r ans i t i on  from the  conventional subsonic 
axial-flow compressor t o  a transonic compressor, a i r f low increases on the  
order of 40 percent are  theore t ica l ly  available.  Further increases i n  
e f fec t ive  compressor i n l e t  Mach number (‘ueyond 0.7) or decreases i n  hub- 
t i p  radius r a t i o  (below 0.3) w i l l  y ie ld  small gains i n  a i r f low per un i t  
of compressor t i p  f r o n t a l  area. Compressor design technology, w i t h  
respect t o  airflow handling capacity, i s  approaching a point of diminish- 
ing returns. 
Airflow per sqfiare foo t  of compressor t i p  area i s  plot ted against  
estimated date of comple.t.ion of 150 hour tes t  i n  f igure  8. The broken 
curve shown ir, f igure  8 represents data available i n  1951 ( re f .  1). 
ure 8 i l lustrates  the time periods during which the  airflow advances 
discussed i n  f igure  7 w i l l  occur f o r  engines i n  the development and de- 
sign stage.  
30 and 36 pounds per second per square foot .  
stage cover a range of airflow from 25 t o  33 pounds per second per square 
foot  of compressor t i p  f r o n t a l  area. 
range from 22 t o  26 pounds per second per square foot  of compressor t i p  
area. 
Fig- 
Design engines are grouped i n  the airf low bracket between 
Engines i n  the development 
Engines currently i n  production 
The air-handling capacity of the compressor based on the engine 
envelope area, including accessories, is presented i n  f igure 9. The 
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curve represents the upper boundary of the data plotted. 
definite increase in the maximum air-handling capacity, which would be 
expected from figure 8, is shown with increasing time. Engines in the 
design stage have values that vary from the order of 10 to as high as 23 
pounds per second per square foot of engine envelope area. Values for 
engines in the development stage vary from 8 to as high as 18 pounds per 
second per square foot of engine envelope area. Engines in the produc- 
tion stage vary from 8 to as high as 15 pounds per second per square foot 
of engine envelope area. 
Here again, a 
Ip w 
Engine envelope area divided by compressor tip area is plotted 3 
against estimated completion data of the 150 hour test in figure 10. 
spread in figure 10 is greatest for design engines. The large spread in 
the data indicates the need for caution when making airplane performance 
analyses which are dependent upon assumed values for the ratio of engine 
envelope area to compressor tip area. 
The 
The ratio of thrust (sea-level static nonafterburning) to engine 
envelope area (which is significant from a nacelle-drag standpoint) is 
plotted against estimated time of completion of the engine 150 hour 
qualification test in figure ll(a). 
1000 pounds of thrust per square foot of engine-envelope frontal area. 
Development engines vary from 700 to 1200 pounds per square foot of 
engine-envelope frontal area. Design engines vary from 700 to 1400 
pounds per square foot of engine-envelope frontal area. 
ratio of sea-level static afterburning thrust to engine envelope area 
with estimated completion of the 150 hour test is presented in figure 
ll(b). 
Production engines vary from 500 to 
A plot of the 
Specific fuel consumption at sea-level static conditions based on 
military-rated thrust with estimated completion of the 150 hour test is 
plotted in figure 12. 
presented in reference 1. 
the engines is indicated. 
values for design engines is largely the result of the range of turbine 
inlet temperatures that are being considered for these engines. Higher 
turbine inlet temperature results in higher specific fuel consumption. 
The broken curve is representative of the data 
A wide range of specific fuel consumption for 
The large spread in specific fuel consumption 
In order to remove the effects of turbine inlet temperature and 
compressor pressure ratio and permit the specific fuel consumption values 
to reflect only changes in component efficiencies, theoretical perform- 
ance was computed for each engine. 
to actual performance is plotted in figure 13. 
greater than unity represent actual component efficiencies higher than 
those selected for the theoretical calculations. 
The ratio of theoretical performance 
Values of this ratio 
The variation in specific fuel consumption with compressor pressure 
ratio at sea-level static conditions is shown in figure 14. The broken 
NACA RM S56K19 7 
oa m m 
curve i s  taken from reference 1. Two theo re t i ca l  turbine- inlet-  
temperature lines are shown, one a t  1500° F and t h e  other a t  2000° F. 
Specif ic  engine weight. - The f igures  discussed s o  far have presentec' 
data on sea-level s t a t i c  t h rus t  and airf low f o r  production, development 
and design engines. 
with engine spec i f ic  weight and r e l a t e  the  importance of a i r f low in-  
creases and engine w e i g h t  reductions t o  sea-level s t a t i c  spec i f ic  en- 
gine weight. 
The next s e r i e s  of f igures  a r e  d i r e c t l y  concerned 
I n  f igure  15 spec i f i c  engine weight i s  p lo t t ed  against  estimated com- 
p le t ion  t i m e  of the  150 hour t e s t .  The f igure  indicates  a reciuction i n  
spec i f ic  engine weight with time from that or ig ina l ly  presented i n  r e f -  
erence 1. The change i n  spec i f ic  engine xeight with time f o r  engines 
without af terburners  i s  shown i n  f igure  15(a). Values f o r  productiofi 
engines are around 0.43, those f o r  development engines range from 0.3 
t o  0.4 and those f o r  design engines range from 0.1 t o  0.25. 
I n  f igure  15(b) the  var ia t ion  of engine spec i f ic  weight with t i m e  
f o r  engines with af terburners  i s  shown. 
based on the af terburner  not operating (mil i tary-rated t h r u s t ) .  
f o r  production engines are around 0.5, those f o r  development engines 
range from 0.35 t o  0.5 and those f o r  design engines range fram 0 . 2  t o  
0.4. 
The sea-level s t a t i c  t h rus t  i s  
Values 
Figure 15(c) presents  the  var ia t ion  of spec i f ic  engine weight with 
time f o r  the  condition where the engine weight includes the  af terburner  
weight and the  t h r u s t  i s  based on the  af terburner  operating. 
production engines are around 0.3, those f o r  development engines range 
from 0.23 t o  0.38, and those f o r  design engines range from 0 . 1 t o  0.23. 
Values f o r  
Specific engine w e i g h t  i s  p lo t ted  against  t h r u s t  i n  f igu re  16. 
Data f o r  nonafterburner engines are shown i n  Tigure 16(a) .  Specific 
weight values f o r  design engines are e s sen t i a l ly  0.25, except f o r  engines 
i n  the 2500 pound t h r u s t  class, which are about half  of t h i s  value. V a r -  
i a t i o n  of spec i f ic '  weight f o r  the  afterburner engines with t h e  a f t e r -  
burner not operating (mil i tary-rated th rus t )  i s  shown i n  f igure  16(b). 
The l e v e l  of spec i f i c  weight increased t o  a vaiue around 0.30 f o r  the de- 
s ign engines due t o  the  addi t ion of the  af terburner  weight. Variation 
of spec i f ic  weight with sea-level s t a t i c  afterburning th rus t  (maximum 
t>zus t  ra t ing)  i s  presented i n  f igure  16(c) .  Because the  th rus t  increase 
approximately balanced the  addi t ional  weight, the  addi t ion of the  a f t e r -  
b i m e r  when operating resu l ted  i n  l i t t l e  o r  no decrease i n  sea- level  
s t a t i c  spec i f ic  engine weight over t h a t  obtained with nonafterburning 
engines. 
Weight t o  a i r f low r a t i o .  - The var ia t ion  i n  the r a t i o  of engine 
w e i g h t  t o  air-handling capacity with sea-level s t a t i c  t h rus t  f o r  
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nonafterburning engines i s  presented i n  f igure 17. 
show about 40 percent reduction i n  t h i s  r a t i o  i n  going from production 
t o  design engines. 
The data i n  figure 1 7  
Engine Weight 
Turbojet engine weight. - Engine weight i s  p lo t ted  against  compressor 
t i p  diameter cubed i n  f igure  18. Compressor t i p  diameter t o  the cube 
power was used as the correlat ing parameter t o  i l l u s t r a t e  the approxima- 
t ion  of geometric s imi l a r i t y  between the d i f fe ren t  engine sizes.  
IP 
LN 
% 
Current d a t a  are arranged i n t o  two classes:  (1) data  f o r  engines 
without afterburners,  and (2) data f o r  engines with afterburners.  
For engines without afterburners the cubic curve which bes t  f i t s  
the data can be expressed by the equation: 
3 We = 0.089 D c t  
where 
We engine dry weight, l b  
D c t  compressor t i p  diameter, in .  
For engines with afterburners,  the curve which best f i t s  the d a t a  
can be expressed by the  equation: 
We = 500 + 0.089 D z t  
Although this l a t t e r  equation implies that an afterburner weighs 
500 pounds more than the nonafterburner t a i lp ipe  regardless of size,  the 
sca t t e r  i n  the data precludes making a de f in i t e  conclusion as t o  the ef-  
f e c t  of s i ze  on afterburner weight. 
Turbojet component w e i g h t s .  - Figures 16 and 1 7  show tha t  the 
specif ic  weight and the r a t i o  of weight t o  a i r f low f o r  design engines a re  
markedly reduced from values f o r  production and development engines. In  
order t o  determine i f  this reduction could be a t t r i bu ted  t o  any particu- 
lar component, the  weight d i s t r ibu t ion  by component was plo t ted  i n  f i g -  
ure 19. 
t h i s  f igure i s  not as complete as f igure 18. 
d i s t r ibu t ion  f o r  nonafterburner engines i s  shown i n  f igure  19(a).  
components l i s t e d  a r e  the i n l e t ,  compressor, combustor, turbine, t a i lp ipe ,  
and accessories and controls. 
Because of the lack of component weight data on a l l  engines, 
The engine-component weight 
The 
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Although there  i s  a f a i r l y  wide spread i n  the data, no t rend i n  
weight d i s t r ibu t ion  i s  seen going from production and development en- 
gines t o  design engines. 
afterburning engines i s  presented i n  f igure 19(b). It i s  in te res t ing  
t o  note that t h i s  f igure  indicates  that afterburners w e i g h  about 15 per- 
cent of the t o t a l  engine weight more than the t a i lp ipe  they replace. 
Although not i n  exact agreement with the conclusion drawn from figure 
18, the a rea  of disagreement i s  within the  spread i n  the data and i s  
probably caused by the difference i n  sample s ize .  
The engine-component weight d i s t r ibu t ion  f o r  
Because of the lack of trend i n  weight dis t r ibut ion,  the poss ib i l i t y  
Figures of obtaining engine-cmponent weight re la t ions was  next studled. 
20 t o  22 present the weight data f o r  each component and show a re l a t ion  
f o r  each component weight i n  terms of a correlat ing dimensional parameter. 
Figure 20 presents the var ia t ion of the w e i g h t  of the  compressor 
The plus turbine as a function of the compressor t i p  diameter cubed. 
cubic r e l a t ion  which bes t  f i t s  the data i s  as follows: 
3 W c + t  = 0.0602 D c t  
where 
Wc+t weight of compressor plus turbine, l b  
compressor t i p  diameter, in .  Dc t 
The data group closely f o r  the s m a l l  engines, although the per- 
centage deviation of the data a t  the lower end of the  curve i s  high. 
The var ia t ion of turbine weight with turbine t i p  diameter cubed i s  
presented i n  f igure  21. The weight re la t ion  which bes t  f i t s  the data is: 
W t  = 0.02 D t t  3 
where 
W t  weight of the turbine, l b  
Dtt turbine t i p  diameter, i n .  
An attempt t o  cor re la te  the turbine weight per stage resul ted i n  
more sca t t e r  than the above relat ion.  The lack of correlat ion with number 
of stages may be due t o  the small sample s i ze  and lack of any method t o  
evaluate design ingenuity. 
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The variation 
cubed is presented 
for the compressor 
of compressor weight with compressor tip diameter 
in figure 22. 
as follows: 
The data approximate a weight relation 
3 Wc = 0.037 Dct 
where 
Wc compressor weight, lb 
Dct compressor tip diameter, in. 
The attempt to correlate compressor weight with length was not satis- 
No attempt 
In each of 
factory, which again may be due to the limited amount of data. 
was made to correlate compressor weight with number of stages. 
the above weight relations, design engines show somewhat lower weights 
from those shown for production and development engines. 
Ram-jet engine weight. - The variation of ram-jet engine weight 
(including the inlet and exit nozzle) divided by ram-jet length (also 
including-inlet and exit nozzle) with combustion-chamber diameter is 
presented in figure 23. 
the data presented in this figure. 
altitude design at a given Mach number. 
(fig. 23) have the same thermodynamic design, but are considerably dif- 
ferent in weight. Engine A, designed for lower altitude, required a 
heavier structure. The lack of a sufficient number of engines designed 
for the same flight condition makes correlation on a dimensional basis 
fairly meaningless. The only conclusion that can be drawn from figure 
23 is that fog ram-jet engines from 20 to 50 inches in diameter, the 
ratio of weight to length is from 3 to 6 pounds per inch. 
Engine diameters range from 20 to 50 inches for 
The weight relation is affected by 
For example, engines A and B 
Flight Performance 
Previous compilations of comparative engine performance data such 
as reference 1 have generally presented only sea-level static perform- 
ance. 
intended to improve engine'performance at flight conditions make compar- 
isons of sea-level static performance misleading. 
In some engines currently in the design stage, design procedures 
The air-handling capacity, over-all engine efficiency, and several 
other parameters that reflect the flight performance of turbojet and 
ram-jet engines are presented in figures 24 to 32 and are discussed in 
the following paragraphs. For all engines 
calculated using the ram-pressure recovery 
shown, flight performance was 
ratio shown in figure 24. 
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Flight performance data, combined with the sea-level static per- 
formance presented in a previous section of this report w i l l  provide in- 
formation on engine test facility capacity requirements for turbojet and 
ram- j et engines. 
Turbojet flight performance. - The variation in net thrust per pound 
of airflow with flight Mach number at 35,000-foot altitude is presented 
in figure 25 for several turbojet engines. The thrust in figure 25(a) is 
based on military-rated speed and temperature and the exit nozzle for all 
engines shown is convergent-divergent. The higher values of thrust per 
pound of airflow for the two upper curves are attributed to higher tur- 
bine inlet temperatures, 1850' and 2000' F. 
iation in maximum net thrust per pound of air with flight Mach number for 
afterburning turbojet engines. A convergent-divergent nozzle is assumed. 
Figure 25(b) shows the var- 
The variation of thrust per pound of air with flight Mach number for 
some of the engines with convergent nozzles at military-rated conditions 
is shown in figure 25(c). The thrust per pound of air at a given flight 
Mach number for a given engine with a convergent exit nozzle is lower 
than that shown in figure 25(a) for the same engine with a convergent- 
divergent nozzle. This same trend is shown in figure 25(d) where the 
variation in maximum thrust (afterburner operating) can be compared with 
that in figure 25(b). The data illustrate the performance gains avail- 
able in applying a convergent-divergent exit nozzle to the engine over 
that obtained with a convergent nozzle, particularly at the higher Mach 
numbers. 
The variation in corrected airflow with flight Mach number is pre- 
sented in figure 26. 
of the fact that the engines shown are design, development, and production 
engines. Performance data for most of the engines end at around Mach 2. 
Airflow data for four engines are shown up to a Mach number of 3.2. 
the exception of two engines, the engines operate at constant mechanical 
speed. Two engines operate at constant aerodynamic speed over part of 
the Mach number range and therefore the corrected airflow is maintained 
at or near a value of unity up to a Mach number of about 2.0 and then 
decreases at higher Mach numbers. This increase in air-handling capacity 
will increase the thrust output and thus does significantly reduce spe- 
cific weight under flight conditions. 
Most of the engines are grouped closely in spite 
With 
The variation in over-all engine efficiency with flight Mach number 
is presented in figure 27. The afterburner performance is shown in fig- 
ure 27(a) and the nonafterburner performance is presented in figure 
27(b). 
high theoretical performance level indicated for a turbine inlet temper - 
ature of 2000' F, although several engines are quite close. 
show the important engine efficiency increases occurring with increas- 
ing flight Mach number. 
The engines shown in figure 27(a) have not quite achieved the 
The data 
At a Mach number of 3.2, the engine efficiency 
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of two afterburning engines in the design stage has reached a value of 
over 34 percent. The nonafterburner performance shown in figure 27(b) 
is considerably higher than that shown in figure 27(a) for aay flight 
Mach number. At a flight Mach number of 2.0, for example, the over-all 
engine efficiency for afterburning engines is about 22 percent, while 
for nonafterburning engines, the value is about 33 percent, or an inl 
crease of about 50 percent in engine efficiency in going to the nonafter- 
burner engine. 
I+ 
w 
b.4 
CD 
The varition in thrust ratio (ratio of net thrust at 35,000 feet to 
sea-level static net thrust) with flight Mach number is shown in figure 
28. Performance for afterburner engines is shown by solid lines and 
that for nonafterburner engines is shown by broken lines. 
group quite closely for engines in the development and design stage. 
The data 
The variation in specific engine weight with flight hbch number 
is shown in figure 29. Afterburner engine performance is presented in 
figure 29(a) and nonafterburner engine performaace is presented in fig- 
ure 29(b). From the data it is not possible to determine which factor 
in this variable (engine weight, thrust per pound of airflow, or airflow 
differences under flight conditions) is the major cause of the large 
spread, 
Ram-jet flight performance. - The variation in over-all ram-jet 
engine efficiency with flight Mach nuniber is presented in figure 30. 
Several theoretical curves are presented for different combustion tem- 
perature levels. With few exceptions, the over-all efficiency of the 
ram-jet engine is considerably below the theoretical level. The ram-  
jet engine, unlike the turbojet, has yet to achieve the potential over- 
all efficiency available as shown by the theoretical performahce. Con- 
centrated research and development in altitude research facilities can 
increase the performance level. Engine A (fig. 30) was subject to in- 
tensified development in an altitude facility and has achieved a high 
level of performance. 
The vaziation in ram-jet engine thrust per pound of airflow with 
flight Mach number is presented in figure 31. 
ram-jet en@nes fall within the theoretical performance shown for com- 
bustion temperatures in the range from 2040' to 3040' F. 
The data plotted for the 
The variation in ram-jet engine specific weight with flight Mach 
The ram-jet engine weight includes 
The specific-weight advantage of the ram-jet engine over the 
number is presented in figure 32. 
the inlet system and exit nozzle together with all controls and acces- 
sories. 
turbojet engine can be appreciated from this figure. For example, at a 
flight altitude of 35,000 feet and Mach number of 3.0, a representative 
turbojet specific engine weight would be about 0,135 (fig. 29(a) ) , 
whereas for a ram-jet at the same altitude and flight speed, the value 
would be about 0.065, or about a 55-percent reduction in specific weight 
from the turbojet value. 
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CONCLUSIONS 
This report has presented a compilation 
T 
and analysis of sea-level 
13 
static and flight performance data for existing and designed U. S. axial- 
flow turbojet and ram-jet engines. The .following general conclusions can 
be dram: 
1. An approximate linear increase of maximum nonaf'terburning sea- 
level static thrust with time of availability is indicated with thrust 
being increased from 10,000 pounds in 1950 to over 35,000 pounds in 1960. 
At any given time, a wide range of engine thrust exists. 
turbojet engines are now being supported than ever before. 
More design 
2. A major cause of increased thrust has been the increase in air- 
flow capacity. The airflow capacity of the axial-flow compressor, while 
steadily improving, is approaching the area of diminishing returns be- 
cause of the fundamental limit on flow through a given area. The flow 
capacity has increased from 22 pounds per second per square foot of com- 
pressor tip area to a value of 36 in the time period from 1954 to 1959. 
The majority of the design-engine compressors have a transonic first 
stage . 
3. A major reduction in specific engine weight is indicated in going 
from production engines to design engines. The value for nonafterburner 
engines decreased from about 0.4 to about 0.23. Specific engine weights 
of about 0.1 are indicated for design engines in the 2500 pound thrust 
class. The reduction in weight seems to have been accomplished through- 
out the engine inasmuch as there was no significant trend in the compo- 
nent weight distribution going from production to design turbojet engines. 
4. Flight-performance data for turbojets reflect a high level of 
thermodynamic gas generator performance. Major gains in performance in 
future turbojets are not to be expected through improvements in component 
efficiency. Constant-aerodc-speed compressor operation over part of 
the flight speed range and increased turbine inlet temperature show im- 
proved flight performance for some design engines. 
5. Ram-jet flight-performance data reflect a l o w  level of thermody- 
namic performance. 
available through concentrated full-scale reseach and development. 
Major performance gains'in future ram-jets appear 
14 NACA FU4 S56JSL9 
APPWIX - SYMBOL LIST FOR FIGURES 
AC compressor tip frontal area, sq ft 
Ae engine envelope area, sq f t  
exhaust nozzle velocity coefficient cv 
Dc t compressor first stage tip diameter 
%/+ compressor hub-tip ratio (ratio of compressor first stage hub 
diameter to tip diameter) 
Dtt turbine last stage tip diameter 
F net thrust, lb 
p3/p2 compressor total pressure ratio 
S.F.C. specific fuel consumption, Wf/F, (lb fuel/hr)/lb thrust 
turbine inlet total gas temperature T4 
T9 afterburning t o t a l  gas temperature, OF 
Wa airflow rate, 1b/sec 
Wf fuel flow, lb/hr 
& correction factor (ref. 2) ( e  = 1.0 assumed pressure losses 
balance corrections for hot gas) 
vb combustion efficiency 
VC cmpressor efficiency 
ve over-all engine efficiency 
turbine efficiency % 
4 
Subscripts: 
A.B. afterburner engine 
cn 
d 
n 
n 
NACA RM S56KI-9 
C compressor 
c + t compressor plus  turbine 
e engine 
RBX maximum rated conditions 
m i  1 mi l i t a ry  ra ted  conditions 
N.A.B. nonafterburning engine 
15 
s 2s sea- level  s t a t i c  
1. Cesaro, Richard S., and Lazar, James: Graphic Analysis of American 
and British Axial-Flow Turbojet Engine Performance Trends (Current 
and Future). NACA RM 5lK.29, 1951. 
2. Pinkel, Benjamin, and K a r p ,  Irving M.: A Thermodynamic Study of the 
Turbojet Engine. NACA Report 891, 1947. 
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Stage 
0 Design engine 
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Time (estimated completion of 150-hr tes t )  
(a) Thrust without afterburner or with afterburner 
not operating. 
Figure 1. - Engine sea-level s t a t i c  thrust  at estimated 
completion t i m e .  
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G52 1954 1956 1958 1960 
Time (estimated completion of 150-hr test) 
(b) Thrust with afterburner operating. 
Figure 1. - Concluded. Engine sea-level static thrust 
at estimated completion time. 
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Stage I I  - 0 Design engines 
D Development engines 
0 F'roduction engines 
Ta i l ed  symbols denote - 
a f t e rbu rne r  engine,  wi'th 
a f t e rbu rne r  not opera t ing  - - Analy t ica l  carves  
q C * q t  = 0.765 
- cv = 0.37 
E = 1.0 
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Figure  2. - Effec t  of t u rb ine  i n l e t  temperature on s p e c i f i c  t h u s t .  
Sea- level  s t a t i c  condi t ions .  
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Figure 4. - Var ia t ion 'o f  m a x i m u m  s p e c i f i c  thrust with t u r b i n e - i n l e t  
temperature .  Sea- level  s t a t i c  condi t ions .  
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Figure  5. - V a r i a t i o n  of maximum s p e c i f i c  t h r u s t  w i t h  t h r u s t  augmentation. 
Sea-level s t a t i c  cond i t ions .  
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Figure 6. - Engine airf low at  estimated completion t i m e .  
Sea-level s t a t i c  conditions. 
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Figure 10. - Ratio of engine envelope a rea  t o  compressor 
t i p  a rea  a t  estimated completion time. 
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(b) Afterburning engines. 
Figure 11. - Engine thrust per unit engine envelope 
area at estimated completion time. 
static conditions. 
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Figure 13. - Rstio of theore t ica l  spec i f ic  f u e l  consumption 
t o  actual apecif ic  f u e l  consumption p lo t ted  w i n a t  com- 
pressor pressure r a t i o .  Sea-level s t a t i c  conditions. 
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(a) Engines without afterburner.  
1950 1952 1954 1956 1958 1960 
Time (estimated completion of 150-hr tes t )  
(c) Engines with afterburner, afterburner operating. 
Figure 15. - Specific engine weight at estimated completion 
time. Sea-level s t a t i c  conditions. 
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Figure 18. - Variation of engine weight with compressor-tip diameter. 
NACA RM S56Kl9 35 
zd 
P 
$ 
Lo 
I 
H 
6, I ‘  
/ /  
d 
d 
ld 
r n m  
a l r l  
4 0  
k k  
0.Q 
r o d  
m o  
a , v  
V 
4 
a, 
PI ?-I 
PI 
rl 
d 
ld 
E.C 
6” 
2 
d 
P 
H 
k 
0 
c, 
P 
V 
: 
E! 
k 
rn 
a, 
6! 
0 i4
V 
P 
a, 
d 
$2 
H 
36 NACA RM S56Kl.9 
I ‘  
I I  
I u 
.f$ 
94 
al 
I ,  0 
V 
I 
_plallllllc NACA RM S56Kl9 37 
3 
0 10,ooo 20,000 30,000 40,000 50,000 60,000 70,000 
3 
Dct 
I 
10 20 25 30 35 40 
Compressor-tip diameter, Dct, in. 
Figure 20. - Variation of combined weight of compressor and turbine with 
compressor-tip diameter. 
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Figure 21. - Variation of turbine weight with turbine-tip diameter. 
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Figure 22. - Variation of compressor weight with compressor-tip diamster. 
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Figure 23. - Effect of combustor diameter on ram-jet weight per 
foo t  of length. 
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Figure 24. - Total r a m  pressure recovery used f o r  performsnce data. 
Curve based on experimental data from NACA in l e t  investigations. 
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( b )  Afterburner engines; maximum rated thrust; conversent- ( d )  Afterburner engines; maximum thrust; con- 
divergent e x i t  nozz le .  vergent e x i t  n o z z l e s .  
Figure 25. - Variation of thrust per pound of airflow with f l i g h t  Mach nuo2cr. Al t i tude ,  35,000 f e e t .  
42 NACA RM S56Kl9 
4 
Figure 26. - Variation of corrected airflow with f l ight  Mach number. 
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Figure 28. - Variation of thrust r a t i o  with Mach number. 
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(a )  Afterburner engines. 
F igure  29. - EFfect of f l i g h t  speed on s p e c i f i c  t u r b i n e  weight. 
A l t i t ude ,  35,000 feet. 
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(b) Nonafterburner engines. 
Figure 29. - Concluded. EFfect of f l i g h t  speed on spec i f ic  engine 
weight. Alt i tude,  35,000 feet. 
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and combustion temperature. Ram-jet performance: two-wedge 
in l e t ;  M2 = 0.175; qt = 0.90; JF-4 fuel;  C, = 0.96. 
Figure 30. - Ram-je t  efficiency as a function of f l i g h t  Mach number 
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Figure 31. - Variation of r a t i o  of t h r u s t  t o  a i r f low with flight 
Mach number. R a m - j e t  performance: No ex te rna l  drag; two- 
wedge i n l e t ;  combustion-chamber i n l e t  Mach number, 0.175; com- 
bus t ion  e f f ic iency ,  0.90; Jp-4 f u e l ;  exhaust-nozzle ve loc i ty  
coe f f i c i en t ,  0.96. 
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Figure 32. - Effect of f l igh t  Mach number on ram-jet 
specific engine weight; a l t i t u d e ,  35,000 feet .  
